ABSTRACT Nuclear calcium is a key signal in the dialogue between synapse and nucleus that controls the genomic responses required for persistent adaptations, including memory and acquired neuroprotection. The amplitude and duration of nuclear calcium transients specify activity-induced transcriptional changes. However, the precise relationship between synaptic input and nuclear calcium output is unknown. Here, we used stereotaxic delivery to the rat brain of recombinant adeno-associated viruses encoding nuclear-targeted calcium sensors to assess nuclear calcium transients in CA1 pyramidal neurons after stimulation of the Schaffer collaterals. We show that in acute hippocampal slices, a burst of synaptic activity elicits a nuclear calcium signal with a regenerative component at above-threshold stimulation intensities. Using classical stimulation paradigms (i.e., high-frequency stimulation (HFS) and q burst stimulation (TBS)) to induce early LTP (E-LTP) and transcription-dependent late LTP (L-LTP), we found that the magnitude of nuclear calcium signals and the number of action potentials activated by synaptic stimulation trains are greatly amplified by their repetition. Nuclear calcium signals and action potential generation were reduced by blockade of either NMDA receptors or L-type voltage-gated calcium channels, but not by procedures that lead to internal calcium store depletion or by blockade of metabotropic glutamate receptors. These findings identify a repetition-induced switch in nuclear calcium signaling that correlates with the transition from E-LTP to L-LTP, and may explain why the transcription-dependent phase of L-LTP is not induced by a single HFS or TBS but requires repeated trains of activity. Recombinant, nuclear-targeted indicators may prove useful for further analysis of nuclear calcium signaling in vivo.
INTRODUCTION
Synapse-to-nucleus communication pathways and nuclear calcium signaling control gene expression programs that are critical for the maintenance of many adaptive responses in the nervous system, including memory formation, activity-dependent survival, addiction, and chronic pain. The transcription factor CREB and coactivator CBP are key targets of nuclear calcium signaling (1-4) that have been implicated in transcription-dependent, long-lasting (>2 h) long-term potentiation (LTP) (5) . Blockade of nuclear calcium signaling blocks activity-dependent neuronal survival (6) (7) (8) (9) and memory formation (4), indicating a broad functional role for this signaling ion in the nucleus.
Although many of the mechanisms underlying synaptically activated gene transcription have been established, less is known about the nature of the nuclear calcium signals evoked by synaptic stimulations, in particular those that lead to long-lasting changes in synaptic efficacy. Trains of synaptic stimulation evoke interacting and compartmentally specific calcium signals in neurons. Synaptically activated calcium signals in the somata and primary apical dendrites of hippocampal CA1 pyramidal neurons appear to depend on complex interactions between dendritic geometry, inositol 3,4,5 triphosphate (IP 3 ) receptors, backpropagating action potentials, and voltage-operated calcium channels (VOCCs) (10) (11) (12) (13) . Furthermore, synaptic activity can activate a regenerative phenomenon involving the release of calcium from internal stores. This can initiate a propagating calcium wave that invades the soma and presumably the nucleus of pyramidal neurons in the CA1 and medial prefrontal cortex (14) (15) (16) (17) (18) (19) (20) (21) . This complexity in calcium signaling in neurons governs how synaptic input is encoded into a nuclear calcium signal to determine the transcriptional output critical for plasticity and survival. The nature of the synaptic stimulation that is necessary for transcriptiondependent plasticity is best understood in terms of late LTP (L-LTP); however, the relationship between synaptic input and nuclear calcium output in the context of L-LTP is less understood.
Progress in this field has been impeded by the technical difficulty of unambiguously measuring calcium in the nucleus. Studies of nuclear calcium signaling to date have used synthetic, small-molecule indicators imaged with two-photon microscopy and defined the nuclear boundaries according to dye compartmentalization. The advent of recombinant calcium indicators presents an opportunity to target indicators to cell types and intracellular compartments using the appropriate promoter and localization sequences. Targeting of the nucleus with genetically encoded calcium indicators (GECIs) has been achieved in HeLa cells (22, 23) , but to date has not been applied to functional studies of neurons.
Using a nuclear localized calcium indicator, we unambiguously demonstrate for the first time (to our knowledge) a nuclear calcium signal induced by synaptic activity. We examine nuclear calcium signaling generated by synaptic activity in relation to L-LTP-inducing stimulation protocols in hippocampal brain slices. This reveals a dramatic increase in nuclear calcium signals when stimulation trains are repeated, as is the case for L-LTP induction protocols. The potentiation of nuclear calcium responses to repeated trains of synaptic activity may serve to switch on genomic, CREB/CBP-mediated transcriptional responses and hence L-LTP, which is known to require repeated trains of synaptic stimulation.
MATERIALS AND METHODS
See the Supporting Material for details of the materials and methods used in this work.
RESULTS

Visualizing nuclear calcium signals with GECIs
We generated three adeno-associated viruses (rAAVs)-rAAV-Inverse Pericam (IP)-NLS, rAAV-GCaMP1.6-NLS, and rAAV-GCaMP2.0-NLS-that contain expression cassettes for Inverse Pericam (24), GCaMP1.6 (25) , and GCaMP2.0 (26), respectively, and each one was fused to three copies of a nuclear localization signal (NLS) that targets the calcium sensors to the cell nucleus (Fig. 1,  Fig. S1 , and Movie S1). IP-NLS and GCaMP2.0-NLS showed a much brighter basal fluorescence than GCaMP1.6-NLS, which made the infected cells much easier to locate. All three indicators were able to detect oscillatory calcium signals in dissociated or organotypic cultures over long recording periods (up to 1 h; Fig. S1 B) . These synchronous nuclear calcium transients were induced by application of bicuculline, a GABA A receptor antagonist that removes tonic inhibition to cause recurrent synchronous action potential bursting mediated by glutamatergic synaptic transmission (27) . All three indicators showed a similar dynamic range of~300-600% in culture and~80-150% in acute brain slices (data not shown), consistent with previous reports (28) (29) (30) . F max measurements were complicated by photoisomerization, which varied with illumination and absorbance, causing emissions after ionomycin or a depolarizing solution to slowly decline ( Fig. S1 B and Fig. S2 D, inset ; also see Fig. 4 C) . This may have been responsible for differences in our dynamic range estimates due to underestimation of F max in slices. These complications precluded routine measurements of F max and F min for calibration purposes.
Evoking nuclear calcium signals in CA1 pyramidal cells with synaptic stimulation Nuclear calcium signaling was next examined in acute brain slices prepared from P35-P42 rats 13-19 days after stereotaxic injection of nuclear GECI encoding viruses into the ventral hippocampus (see Materials and Methods). Expression was almost exclusively confined to the stratum pyramidale for all three indicators and was spread throughout large regions of CA1-3 and the dentate gyrus with GCaMP2.0-NLS (Fig. 1 B) . The intracellular distribution of these recombinant indicators was exclusively nuclear (Fig. 1, B and C, Fig. S1 A, and Movie S1), although we also observed a small percentage of cells with some dendritic signal when extreme concentrations of virus were injected (data not shown).
Somatic whole-cell patch clamp recordings were established from CA1 pyramidal neurons identified by relatively low-frequency action potentials with rounded afterhyperpolarization potentials and spike accommodation (Fig. 2 A) . Passive membrane properties, including the resting membrane potential, membrane capacitance, and resistance, were assessed and did not differ from those observed for control cells in uninfected slices (Table S1 ). Field stimulation of axons in stratum radiatum and stratum oriens triggered excitatory postsynaptic potentials (EPSPs) or currents (EPSCs). Before imaging was initiated, responses to a range of stimulus current intensities were first characterized to determine the spike threshold, defined as the minimal intensity necessary to evoke a spike in most trials (Fig. 2 B) . This stimulation intensity for the spike threshold in neurons expressing GECIs was not different from that for neurons in uninfected slices (Table S1 ). Since GCaMP2.0-NLS infection also usually reached the CA3 region, we checked for effects on release probability using standard paired pulse (PP) protocols and found no difference between uninfected control slices and slices expressing GCaMP2.0-NLS (Fig. 2, C and D) .
Calcium imaging was performed only on nuclei in the CA1 pyramidal region from both patched and nonpatched intact cells. Trains of high-frequency stimulation (HFS) at threshold intensities were sufficient to induce postsynaptic action potentials in the recorded cell and a nuclear calcium signal in infected cells up to 100 mm away (Fig. 2 , E and F, left). Tenfold larger stimulation intensities evoked nuclear calcium signals of larger amplitude and longer duration, which continued to grow after the cessation of EPSPs (n ¼ 4; Fig. 2 , E and F, right). Such responses are typical of previously described regenerative mechanisms that delay and amplify the peak of calcium responses due to the release of calcium from internal stores (14, 16, 18, 20, 31, 32) . At threshold stimulation intensities (~50% spike induction probability; see Fig. 2 B) , delayed peaks in the nuclear calcium responses were not observed using q burst stimulation (TBS; 833 cells in 24 slices) and were rarely seen using HFS (12 cells in four slices, out of 1042 cells in 26 slices). Regenerative nuclear calcium signals were more frequently observed with 10-fold higher stimulation intensities (six out of 11 slices).
LTP experiments were performed in parallel with imaging to examine nuclear calcium signals associated with HFS and TBS stimulation paradigms that induce L-LTP. The stimulation strength was set to spike threshold levels in the recorded neuron that produced a peak nuclear calcium response typically within 2 s of the cessation of stimulation, such as the response to 35 mA stimulation in Fig. 2 , E and F, and apparently subthreshold for the initiation of regenerative calcium signals (Fig. S2 D) . The intensity of stimuli used to evoke test EPSPs or EPSCs was adjusted to~30% of spike threshold under baseline conditions. Single HFS and TBS trains (see Materials and Methods) induced LTP lasting R20 min (data not shown), whereas five or more repetitions of HFS or TBS trains could induce LTP lasting >1.5 h (Fig. S2 B) . 
Repetition of HFS and TBS trains elicits larger nuclear calcium responses and more action potentials
Given the importance of nuclear calcium for transcriptiondependent L-LTP, we wished to further analyze nuclear calcium responses to typical induction protocols for L-LTP. A single HFS or TBS train can induce E-LTP, whereas five to eight repetitions of TBS or three to six repetitions of HFS are typically required for L-LTP induction (10, (33) (34) (35) . We found a sharp increase in action potentials and nuclear calcium signals evoked by the first two to five repetitions of either HFS or TBS trains in slices that had not previously received trains of stimulation (Fig. S2 , D and E, and Fig. 3 ). The increment in nuclear calcium responses with successive stimulation trains was evident with all intertrain intervals tested (i.e., 30 s, 60 s, and 5 min for HFS, and 60 s for TBS). The increase in nuclear calcium responses was more pronounced with GCaMP1.6-NLS and GCaMP2.0-NLS than with IP-NLS ( Fig. 3 A) , most likely due to the higher affinity and thus better resolution of smaller nuclear calcium signals for the GCaMP constructs. To normalize for differences in expression levels and brightness in these three indicators, the data were replotted relative to the maximum response of each cell to repeated stimulation trains (Fig. 3 B) . Averaging results from all indicators, we found that train repetition increased the amplitude of nuclear calcium responses by 4.97 5 0.25-fold for HFS and 3.52 5 0.10-fold for TBS, and increased the number of action potentials by 6.34 5 1.85-fold for HFS and 1.71 5 0.17-fold for TBS (p < 0.0001 comparing the first response to the largest response; see Materials and Methods section for paired t-tests, and figure legends for n-values). This augmentation of nuclear calcium signals with successive stimulation trains was also more pronounced with HFS compared to TBS (p < 0.0001). The amplitude and increase in nuclear calcium responses with successive HFS trains seen in nonpatched neurons was identical to that of patched neurons from which the spike data was gathered ( Fig. 3 C, left) . Furthermore, the number of action potentials induced by HFS and the increase in spike number seen with successive trains were equivalent in CA1 pyramidal neurons from control slices from uninfected animals and GCaMP2.0-NLS positive and negative neurons from infected animals ( Fig. 3 C, right) . GCaMP2.0-NLS negative neurons were included in this analysis to detect any differences in presynaptic function, given the expression of our recombinant indicators in the CA3 region in most slices. Thus, the repetition of HFS and TBS trains causes a dramatic increase in nuclear calcium signaling and action potentials that correlates with the ability of train repetition to induce transcriptiondependent L-LTP.
Mimicking HFS-or TBS-induced activity without synaptic stimulation
Our data show a marked correlation between spike number and nuclear calcium signals, suggesting a strong contribution of local somatic VOCCs. To directly investigate whether action potentials alone could trigger such nuclear calcium signals, we compared in the same cell synaptically evoked responses to HFS and TBS with that of comparable spike trains in the absence of synaptic activation (Fig. 4 A) .
The nuclear calcium signals induced by spikes alone were smaller than those of synaptically induced signals (data not shown, p < 0.001, repeated-measures analysis of variance (ANOVA)). Similarly, nuclear calcium responses to depolarization with voltage clamp to À20 mV were smaller than those to bath application of 40 mM K þ (HiK) in the same cell (depolarization to À20 mV: 0.11 5 0.03% DF/F 0 ; HiK: 0.55 5 0.04% DF/F 0 ; n ¼16; Fig. 4 C) . Both methods of depolarization resulted in a membrane potential of~À20 mV, which in principle should produce similar calcium responses. Similar differences were recorded in the presence of TTX (data not shown). Since both synaptic stimulation trains and HiK responses activate nuclear calcium signals in nearby cells that are not activated by single-cell depolarization with voltage clamp or our spike-only protocols, we reasoned that the larger nuclear calcium responses to synaptic stimulation and HiK were largely caused by scattered light from neighboring cells, which cannot be excluded with wide-field microscopy. To correct for this, we normalized our data for synaptic trains and spike trains to the depolarization responses to HiK and voltage clamp depolarization to À20 mV, respectively. This correction fully accounted for the differences in nuclear calcium responses to TBS and largely compensated for the differences with HFS (Fig. 4  B) , although considering the imprecise nature of our data correction, we cannot exclude a contribution of calcium from sources other than VOCCs. The successive increase in nuclear calcium responses to repeated trains of action potentials was identical to that seen with synaptic stimulation for the prerecorded spike trains, but not for uniform spike trains. These data suggest that the increasing spike numbers evoked by successive stimulation trains causes NMDA receptor blockade caused a rightward shift of the IO curve for stimulation intensity and EPSP amplitude (data not shown) and a small increase in the stimulation intensity necessary to evoke an action potential (MK-801 þ APV: 66 5 12 mA, n ¼ 6; control slices from the same animals: 48 5 6 mA, n ¼ 17). However, increasing the stimulation intensity of HFS trains only partially restored the spike and nuclear calcium responses (Fig. 5 D) . NMDA receptor blockade with APV was previously shown to shift the IO curve for spikes generated by HFS trains (39) . This suggests that the blockade of nuclear calcium signals by NMDA receptor antagonists is due to their suppression of synaptically evoked action potentials and especially of HFS-induced bursts. mGluR receptors and calcium release from internal stores do not contribute to nuclear calcium signals activated by repeated HFS trains at threshold intensities Because mGluR receptors and IP 3 -mediated release of calcium from internal stores have been shown to be evoked by synaptic stimulation trains in CA1 pyramidal cells (16, (18) (19) (20) , we next investigated their involvement in nuclear calcium signals evoked by trains of HFS at threshold stimulation intensity. The group I and II mGluR receptor antagonist (RS)-a-methyl-4-carboxyphenylglycine (MCPG) had no effect on nuclear calcium or spike responses to HFS trains (n ¼ 3; Fig. 6, A and D) . Similarly, perfusion with the SERCA pump inhibitor cyclopiazonic acid (CPA, 30 mM, 20 min) had little effect on HFS-evoked nuclear calcium responses or the number of action potentials evoked by a series of HFS trains (n ¼ 4; Fig. 6, B and D) . Similar results were seen after 60 min perfusion with CPA (n ¼ 2; data not shown). Prolonged incubation for 120 min in another SERCA pump inhibitor, thapsigargin, also did not significantly affect nuclear calcium or spike responses to a series of HFS trains (Fig. 6, C and D) . The passive membrane properties, threshold stimulation intensity, and PP ratios in thapsigargin-treated slices did not differ from control values (data not shown). We also compared responses to a series of HFS trains before and after MCPG or CPA application in the same cell (Fig. 6 E) . Spike and nuclear calcium responses remained potentiated during the MCPG or CPA application period causing normalized responses to show a massive increase in the first and second HFS trains. This withincell, repeated-measures design confirmed the absence of mGluR-activated calcium release from internal stores to nuclear calcium signals evoked by repeated HFS trains. To verify that our CPA treatment was sufficient to empty the stores, we recorded somatic calcium responses to uncaging of IP 3 and found that 20 min of CPA perfusion completely abolished IP 3 -mediated store release (Fig. 6, F and G) without affecting the calcium response to a depolarization to 0 mV (Fig. 6 H) . In summary, these data show a lack of contribution of mGluR receptors and calcium release from internal stores to nuclear calcium responses to a series of HFS trains, in line with the absence of regenerative calcium signals at this threshold stimulation intensity (see Fig. 2) . Furthermore, the lack of effect of CPA or thapsigargin on the increase in nuclear calcium responses to successive HFS trains suggests that this increment is not due to a loading of internal stores via the SERCA pumps between stimulation trains. we believe to be novel recombinant calcium sensors targeted to the cell nucleus, we show here that nuclear calcium signals greatly increase in amplitude over the first three to five stimulation trains of typical L-LTP-inducing stimulation protocols in parallel with an increase in action potential generation. The transition from E-LTP, induced by a single stimulation train, to L-LTP induced by multiple train repetitions correlates with this dramatic increase in nuclear calcium signaling, which may be necessary for transcriptional activation.
Recombinant nuclear targeted indicators: advantages and problems
Given the broad interest in localized subcellular calcium signaling, the targeting of recombinant calcium indicators to subcellular compartments is emerging as a technique with great potential. GCaMP2.0 is well suited for detecting nuclear signals in vivo due to its high signal/noise ratio, stable expression and folding at 37 C, fast association, and dissociation constants, and because it can be delivered by stereotaxic injection, in utero electroporation, or mutant animal lines (this study) (26, 30) . The number of cells available for simultaneous imaging is almost limitless, and the specificity of the signal to the nuclear compartment relieves the need to spatially resolve the nucleus with the imaging system and avoids any effects of calcium buffering by the indicator in the cytoplasm.
A number of technological hurdles surrounding recombinant calcium indicators still remain. First, GECIs based on circularly permutated GFP variants are notoriously difficult to calibrate and thus translate into calcium concentrations due to their nonlinear calcium-binding curves and emission-dependent photoisomerization (29, 40) . Photoisomerization difficulties can partly be overcome with slow regular imaging rates, as we have done, but may also be reduced with techniques that minimize illumination. IP also showed some bleaching typical of YFP-based constructs that imposed a steady baseline drift in some recordings. Second, IP, GCaMP1.6, and GCaMP2.0 show steep Hill coefficients (29, 41) , reducing the calcium concentration range over which they respond. This may cause weak fluorescence under baseline conditions, as we found for GCaMP1.6 and as reported for GCaMP2.0 localized to the plasma membrane (30) . However, we found GCaMP2.0 to be bright enough to identify individual nuclei in baseline conditions.
Synaptically induced regenerative calcium signals
It is not known whether regenerative calcium signals contribute to nuclear calcium signaling during LTP induction. Although our study was primarily limited to stimulation at threshold intensities, we also found that higher stimulation intensities elicited regenerative nuclear calcium signals in large numbers of cells. The delayed peak of these nuclear calcium signals indicates that they are likely due to a wave phenomenon mediated by regenerative release from internal calcium stores, because synaptically activated calcium release, in contrast to VOCC or NMDA receptormediated calcium influx, exhibits a distinct delay (14, 16, 18, 20, 31, 32) . It is thought that regenerative calcium release is IP 3 receptor-dependent and can generate synaptic stimulation-evoked calcium waves that propagate from the proximal dendrite to the soma in pyramidal neurons of the neocortex and hippocampus (16, (18) (19) (20) . Although much of this work employed conditions that pharmacologically enhance or isolate IP 3 signaling, synaptically evoked calcium waves also occur in the absence of pharmacological manipulation (15, 18, 20, 42) . Using threshold stimulation intensities and physiological solutions at 32 C, we rarely observed delayed nuclear calcium signals indicative of wave phenomena in response to one series of six stimulation trains of TBS or HFS. Furthermore, our experiments showed no reduction in nuclear calcium signal after store depletion, which is a curious result given the proposed role of regenerative calcium waves in signaling from the synapse to the nucleus (15) (16) (17) (18) 20, 21, 32) . However, previous reports have also shown that IP 3 receptor function and release from internal stores are not necessary for nuclear calcium signals evoked during L-LTP induction with repeated trains of TBS or HFS (10, 36) . Thus, it seems that repeated HFS trains at threshold stimulation intensities sufficient to induce L-LTP activate nuclear calcium signals that are greatly increased by train repetition but do not require store release or regenerative calcium waves.
Mechanism of enhanced nuclear calcium responses to repeated stimulation trains
The findings presented here suggest that train repetition, one of the most ubiquitously used methods for inducing robust and long-lasting LTP (10, (33) (34) (35) , activates a switch in nuclear calcium dynamics. Nuclear calcium responses to bursts of synaptic activity were markedly potentiated during repetitive trains of HFS or TBS. A previous study using nontargeted small-molecule indicators also revealed this phenomenon, which was specific to the soma and nucleus but absent in dendrites and spines (36) . The progressive increase in nuclear calcium responses with successive stimulation trains represents a major difference in the nuclear calcium signal activated by such E-LTP and L-LTP protocols.
The time course of increasing nuclear calcium signals suggests that they do not result from a simple summation of responses. We found that nuclear calcium signals evoked by trains at threshold stimulation intensities rapidly return to baseline within 10 s of the stimulus, consistent with the findings of two-photon imaging studies (10, 36) . A more likely mechanism for the augmentation of nuclear calcium responses we observed involves cumulative post-tetanic potentiation (PTP). Short-term potentiation increases EPSP amplitude, which in turn facilitates action potential generation and thus calcium influx through VOCCs. We found that spikes and nuclear calcium signals increased with train repetitions at intervals of 30 s to 5 min, consistent with the persistence of PTP for 5-10 min (43) . The loading of intracellular stores by SERCA pumps between trains could also contribute to the increment in nuclear calcium responses to repeated stimulation trains by priming the neuron for calcium release (42, 44) ; however, this increment was not affected by blockers of SERCA pump activity in our experiments (see above). Thus, we propose that PTP grows over the first few train repetitions to potentiate spiking, depolarization-activated calcium influx, and nuclear calcium responses.
NMDA receptors versus VOCCs in nuclear calcium signals
We found that L-type VOCCs are important for nuclear calcium responses to trains of synaptic HFS, in line with previous reports that somatic calcium signals exhibit a strict dependence on action potential firing (45, 46) . The somatodendritic localization (47) and relative lack of inactivation (48) of L-type VOCCs make them a likely candidate for directly contributing to nuclear calcium signals. Another potential indirect effect of nifedipine would be to block presynaptic mechanisms of PTP (49); this might mediate the increment of nuclear calcium responses to successive trains (see above), which is also reduced by nifedipine. Whether direct or indirect, the role of L-type VOCCs in synaptically activated nuclear calcium signals seems consistent with the correlation we observe between nuclear calcium signals and somatic action potential generation, and the role of L-type VOCCs in activity-dependent gene expression (13, (50) (51) (52) .
We show that NMDA function is necessary for HFSstimulated action potential generation and nuclear calcium signals. The blockade of synaptically induced spiking by NMDA receptor antagonists will reduce calcium entry through VOCCs, which may at least partly explain the reduced calcium signals. Thus, calcium flux through NMDA receptors may not directly contribute to nuclear calcium signals, but rather promote action potential generation. This in turn would generate or amplify VOCCmediated calcium signals, as was previously proposed to underlie the NMDA receptor dependency of Schaffer collateral LTP induced by HFS (39) . The NMDA receptor dependency of increased nuclear calcium signaling due to HFS repetition in our results relates directly to the involvement of NMDA receptors in L-LTP induced by HFS repetition (34) and transcriptional responses to synaptic activity (1, 2, (53) (54) (55) . NMDA receptor function is also necessary for PTP and short-term potentiation resulting from either HFS or TBS (10, 34, 56) , in line with our proposed role of PTP in the potentiation of nuclear calcium responses to successive HFS trains (see above). Despite their localization at synapses distant from the soma, it seems that NMDA receptors play a permissive role in synaptic activity-induced nuclear calcium signaling.
Implications for gene expression and L-LTP
The incremental nature of nuclear calcium responses to successive stimulation trains may play an important role in the summation or potentiation of calcium-dependent signaling cascades, which instigate L-LTP. It seems that repetition is the key feature of synaptic input, which greatly amplifies nuclear calcium signaling and thereby activates the genomic responses that are necessary for long-lasting Biophysical Journal 99(12) 4066-4077 plasticity and survival. Exploring the implications of this finding for learning will require further testing in in vivo learning paradigms. Fortunately, compartmentally targeted recombinant calcium indicators like GCaMP2.0-NLS are suitable for such applications.
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